In Weyl semimetals, there is an intriguing possibility of realizing a pseudo-magnetic field in presence of small strain due to certain special cases of static deformations. This pseudo-magnetic field can be large enough to form quantized Landau levels and thus become observable in Weyl semimetals. In this paper we experimentally show the emergence of a pseudo-magnetic field (∼ 3 Tesla) by Scanning Tunneling Spectroscopy (STS) on the doped Weyl semimetal Re-MoTe2, where distnict Landau level oscillations in the tunneling conductance are clearly resolved. The crystal lattice is intrinsically strained where large area STM imaging of the surface reveals differently strained domains where atomic scale deformations exist forming topographic ripples with varying periodicity in the real space. The effect of pseudo-magnetic field is clearly resolved in areas under maximum strain.
In Weyl semimetals, there is an intriguing possibility of realizing a pseudo-magnetic field in presence of small strain due to certain special cases of static deformations. This pseudo-magnetic field can be large enough to form quantized Landau levels and thus become observable in Weyl semimetals. In this paper we experimentally show the emergence of a pseudo-magnetic field (∼ 3 Tesla) by Scanning Tunneling Spectroscopy (STS) on the doped Weyl semimetal Re-MoTe2, where distnict Landau level oscillations in the tunneling conductance are clearly resolved. The crystal lattice is intrinsically strained where large area STM imaging of the surface reveals differently strained domains where atomic scale deformations exist forming topographic ripples with varying periodicity in the real space. The effect of pseudo-magnetic field is clearly resolved in areas under maximum strain.
Weyl semimetals host charge carriers that in many respects behave as massless relativistic particles. In fact, a wide variety of exotic physical phenomena predicted several decades ago in the context of high energy physics have finally been observed in Weyl semimetals. [1] [2] [3] [4] [5] [6] [7] [8] One such example is the so called chiral anomaly which is observed through transport measurements when both electric and magnetic fields are applied to the material.
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Realization of Weyl physics in solid state systems has also paved the way for realization of even more exotic phenomena that are rather uncommon in high energy physics. One particular example is the generation of an axial gauge potential A, experimental investigation of which is known to be an extremely complex problem in high energy physics whereas, a synthetic gauge potential is expected to be easily obtained in strained Weyl semimetals.
12,14 Such a gauge potential, unlike the usual electromagnetic gauge potential, is an observable as it can give rise to pseudo-electromagnetic fields which may, in principle, interact with fermions of opposite chirality in a Weyl semimetal. It has been theoretically predicted that a pseudo-magnetic field generated by strain in a Weyl semimetal may give rise to the formation of quantized Landau levels and quantum oscillations even in absence of an externally applied magnetic field. [15] [16] [17] [18] [19] [20] In fact, one popular school of thought says that Fermi arcs in a Weyl semimetal could be the zeroth Landau levels due to the pseudo-magnetic field generated and localized at the boundary of a crystal. However, a strain-induced pseudo-magnetic field has not been experimentally detected in Weyl semimetals especially because it's strength is often not enough for clear experimental detection.
In this paper, through scanning tunneling microscopy * Electronic address: goutam@iisermohali.ac.in and spectroscopy down to 300 mK, we show the formation of Landau levels at zero applied magnetic field in intrinsically strained crystals of Re-MoTe 2 . This is a direct evidence of the generation of a large pseudo-magnetic field in a doped Weyl semimetal. Type-II Weyl fermionic systems are predicted to inherit a set of unique peculiarities in response to a magnetic field due to the tilting of the Weyl dispersions. 21 Our theoretical analysis reveals that strained Re-doped MoTe 2 supports large separation of the Landau-levels (LLs) in the density of states making the experimental detection of the pseudomagnetic field possible.
In the past, following theoretical proposals suggesting the possibility of inducing a large pseudomagnetic field in graphene, 22 scanning tunneling spectroscopic experiments on highly strained nanobubbles of graphene formed during growth of graphene on a platinum (111) surface revealed Landau level formation corresponding to an extremely high pseudo-magnetic field of the order of 300 Tesla. 23 In our single crystals, the strain was possibly induced either during crystal growth or during cleaving and the STM topographs clearly show long range periodic topographic ripples formed due to the strain as it was earlier seen in strained single crystals of Bi 2 Te 3 .
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MoTe 2 is an interesting member of the family of the transition metal dichalcogenides because of the multiple structural phases in which the compound can exist. 25, 26 At 250 K, MoTe 2 shows a structural phase transition where a high temperature inversion symmetric monoclinic phase finds a new ground state with noncentrosymmetric orthorhombic structure (space group: P mn21, T d Phase). 27 The Orthorhombic T d phase is a Weyl semimetal 28, 29 which is also known to show superconductivity below a very low critical temperature (T c ) of 0.1 K. 30 By introducing strain in the crystals of MoTe 2 through large external hydrostatic pressure, it has also been possible to enhance the T c of MoTe 2 significantly. Recently it was shown that the same high T c phase of MoTe 2 can also be achieved by doping the Mo-sites of MoTe 2 with Re. 31 At 20% Re doping, MoTe 2 shows a dramatically increased transition temperature as high as 3.8 K at ambient pressure. 31 While the mechanism through which the enhancement of T c in Re-MoTe 2 occurs is not understood as of now, from the similarities of the results with those obtained under high pressure, it is rational to consider chemically induced or otherwise developed internal strain as one of the highly probable mechanisms. And, if the lattice gets strained by some means, it should be possible to explore a wide variety of (strain induced) phenomena discussed in the domain of quantum field theory.
32,33 As we will discuss below, our STM topographs reveal that the crystals are indeed under strain and generate a pseudo-magnetic field the effect of which is also observed in our STM spectroscopy experiments.
For the current studies, high quality single crystals of Re-doped MoTe 2 were grown by vapor transport technique. The scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) experiments were carried out in a low temperature, ultra-high vacuum (UHV) cryostat working down to 300 mK (Unisoku systems). First, a single crystal of Re-MoTe 2 was mounted in a low-temperature cleaving stage housed in the exchange chamber of the system where the crystal was cleaved by an in − situ cleaver at 80 K in UHV (10 −11 mbar). After cleaving, the crystal was immediately transferred by an UHV manipulator to the scanning stage which hangs from the end of the insert with three metal springs at low-temperature. The sample is biased and the tip is virtually grounded through the current pre-amplifier.
In Figure 1 (a) we show a large area (700 nm x 700 nm) STM topographic image of one part of the surface captured at a temperature of 7 K. In this part, a large number of stripes are seen. The stripes occur periodically in real space with a modulation wavelength of approximately 35 nm. The bright-dark contrast of the stripes do not change when the sign of the tip-sample bias is reversed. The pattern does not change on varying tem- perature. On the other hand, a line profile (Figure 1(b) ) drawn across the stripes show a periodic height variation of the order of ∼ 8Å. These observations confirm that the stripes are not due to an electronic order, but due to the formation of atomic scale topographic modulations (ripples) on the surface of the single crystals. We have probed these ripples by changing scan angles, scan areas and other scan parameters to unambiguously confirm that they are real topographic features. The number of ripples (n) and their spacing (∆l) do not vary with changing the scan angle and for all scan angles, n and ∆l change systematically with changing scan size. The ripples could have formed due to strain developed either during crystal growth or during the cleaving of the crystals prior to STM experiments. Such stripy surface ripples emerging from strain were earlier observed on single crystals of Bi 2 Te 3 . We will show later that such areas are maximally strained and the effect of a pseudo-magnetic field is most prominent in such areas. A closer inspection of the area (Figure 1(a) ) also reveals the existence of another bunch of stripes formed along a different direction and with a much higher width. A corresponding line-cut is shown in Figure 1(c) . In Figure 1(d) , we show a different region away from that shown in Figure 1(a) . In this region, the dense ripples have not formed but the stripes with larger width are present. These stripes might be due to formation of a Moire pattern induced by the strained surface of the crystal. Such strain-induced patterns were earlier seen in other two dimensional materials like graphite. 34 From the absence of the denser ripples in this area, it is trivial to conclude that this region is less strained than that shown in Figure 1(a) . In fact, in this region, the strain responsible for the denser ripples (as in Figure 1(a) ) are absent. We will show later that in these regions, the effect of the pseudo-magnetic field is not observed.
When we zoom into a small area (20 nm x 20 nm) as shown in Figure 1(d) , we observe the periodic arrangement of the atoms on the surface. Unlike in case of undoped MoTe 2 , in Re-MoTe 2 , our transport and STM measurements reveal the existence of a charge density wave (CDW) phase. The details of the CDW phase will be discussed elsewhere. At this length scale, the arrangement of the atoms on the surface is found to be identical at all regions under different levels of strain. Now we focus on the local tunneling spectroscopy experiments. When we move the STM tip to points located in the low-strain area as shown in Figure 1(d) at a temperature of 310 mK, we obtain the spectra as shown in Figure 2(a) . We show three representative spectra obtained at three points on the surface. All three of them show the evidence of a superconducting energy gap. Superconductivity in Re-MoTe 2 with 20% Re doping is known to appear at ∼ 3.8 K. However, apart from the superconducting energy gap, no other prominent spectral features are observed. The details of the superconducting phase as probed by STM spectroscopic experiments will be discussed elsewhere.
When we move the STM tip to different points on the "high-strain" region represented by Figure 1(a) , we obtain spectra as seen in Figure 2(b) . At 310 mK, apart from the central dip due to superconductivity, distinct and strong peaks are seen in the dI/dV vs. V spectra. The three spectra shown in the figure are obtained from three different points in the same "high-strain" region. The peaks are separated by an energy of ∼ 1.3 meV. These peaks do not appear in the spectra obtained from the "low-strain" regions of the crystal. We have obtained spectra with such peaks on more than 50 points in different "high-strain" regions. The position of the peaks remain almost at the same location with approximately 5% variation which might be due to the variation of the strain itself from one "high-strain" region to another. Since the dI/dV spectrum at a given point is directly related to the local density of states (LDOS) at that point, the peaks in this case represent quantized energy levels. Such quantized levels appearing in presence of a large externally applied magnetic field have been observed in a number of topological systems in the past. 35 These are the well-known Landau levels. In the present case, since the discretization takes place without any externally applied magnetic field, the peaks can be attributed to the Landau levels forming due to a strain-induced pseudomagnetic field appearing in the system.
Before attributing the discrete energy levels with the pseudo-magnetic field induced Landau levels, we have carefully considered other sources of such signal. For example, in STM experiments, oscillations may arise due to trapped impurity states. We have ruled out this possibility by performing measurements on "high-strain" areas near and far from the impurities as seen in STM images. The oscillation pattern did not depend on that. In fact, in the "high-strain" regions, we found the oscillations at all points that we measured. The role of other complex confinement effects is also ruled out because in our data, the energy gap between two consecutive peaks remained nearly the same for a given spectra and almost same for all the spectra in a given "high-strain" region. This is not expected for an arbitrary confinement potential. Furthermore, Klein tunneling in Weyl and Dirac semimetals forbids the formation of such trapped/confined states.
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Role of superconductivity for the oscillations has also been ruled out as (a) the oscillation frequency and amplitude remained insensitive to an externally applied magnetic field and (b) in the "low-strained" area superconductivity was found but no oscillations. In addition to the above-mentioned facts, the appearance of the oscillations in the "high-strain" areas and the absence of the same in the "low-strain" areas directly confirms that there is a direct correlation between the observed oscillations and strain.
Now it is imperative to theoretically understand the key observations namely, the Landau quantization of quasiparticle density of states emerging from a pseudomagnetic field induced by strain in doped MoTe 2 . We first provide a model framework of the observed strain (as manifested by ripples or periodic topographic modulation on the surface plane) in a type-II Weyl Hamiltonian, and follow it up with the study of corresponding LLs and oscillations in DOS in accordance with the experimental data. From the STM images (Figure 1) , we find that the ripples are very much one-dimensional and periodic, with average ripple height of 8Å (from the surface), and with about L=35 nm of inter-ripple distance. Radius of curvature of the tip of ripple is R, and tip of d ∼ 41.3Å-height is sticking out from the neutral plane of the surface, and L is the spatial extent of one ripple. We orient our coordinate system with y-axis lying along the ripple axis and z-axis is perpendicular to the neutral plane, as shown in Fig. 4(a) . From electronic structure point of view, the electron's hopping along the y-direction remains unchanged, while that along the x-axis is modulated in space, giving the essential gauge field in this case.
We use a type-II Weyl Hamiltonian specific for MoTe 2 37,38 
where σ µ are the 2-component Pauli matrices, and d µ are their anisotropic coefficients. The key difference between the type-I and type-II Weyl Hamiltonians arises from the onsite dispersion d 0 which is even and odd under inversion with respect to the Weyl points in the two cases, respectively. For a type-II system, this odd parity is responsible for tilting of the Weyl cone thereby giving rise to unique quantum properties. For convenience of illustration, we simplify the coefficients with a trivial rotation of the coordinate system from the lattice frame of reference to our above-mentioned set-up and obtain
, where µ =1,2,3, and lattice constants a µ are the lattice constants in the strained lattice, and k µ are measured with respect to the Weyl points Q . t 0 , and t µ are the intra-species and inter-species hopping integrals, respectively. As mentioned before, the rippled structure induces a spatial dependence in the tight-binding hopping along the x-direction as t x σ x → t x (1 − u xx )σ x + µ =x u µµ t µ σ µ , where u ij is the stress tensor obtained from the displacement field vectors u as u xx = ∂u x /∂x. 39, 40 The displacement field vector can be approximated to the lowest order as u = [zx/(R − d), 0, 0], see Fig. 4(b) .To appreciate how the spatially modulated hopping renders a vector potential, it is convenient to use the long-wavelength limit of the Hamiltonian by substituting sin (k µ a µ ) ∼ k µ a µ , and expressing the tilt velocity as ω ⊥ = t y a y , and the Weyl fermion velocity as v µ = t a µ , we obtain the effective low-energy Hamiltonian as
(1) (We set = 1 for simplicity). The above equation resembles a typical low-energy Hamiltonian for massless fermions under a vector potential A, except here A arises intrinsically from t µ (r). With a lengthy algebra, we es- /a x (0.18, 0.17, 0) , is the location of the Weyl points in this system. With the experimental inputs of 3% lattice strain giving a x = 3.46Å,a z = 13.86Å, d = 41.3Å and R = 34d we obtain the magnetic field to be B ≈ 3T . The estimated magnetic field is large enough to separate the LL's above the intrinsic broadening scale of the system. However, the manifestation of the LL's into oscillations in DOS is required to overcome additional constrained posed by the peculiarities of the type-II Weyl fermions. In such Weyl fermion cases, we find that (a) the tilt velocity manifests into dispersive LLs and hence its bandwidth W is required to be smaller than the LL spacing for its visualization, and (b) the tilt velocity must overcome a threshold value to commence closed Fermi pocket.
(a) Dispersive Landau levels: The LL's are split across the tilting term with its dispersive obtained from Eq. (1) as
where the magnetic length l B = 1/ √ eB, v ⊥ = | v x v z |. Interestingly, the LLs are chiral with its velocity arising from the tilt velocity ω ⊥ . Such chiral cyclotron orbits arise with electric field perpendicular to the velocity 41 . Hence, the type-II Weyl semimetals can be understood to experience pseudo-magnetic and pseudo-electric field simultaneously under strain. The LL splitting can be appreciated in the limit of 2v ⊥ /l B > v y k y which is satisfied in the large magnetic field limit as achieved in our experiments. The calculated DOS are shown in Fig. 4(d) for B = 3T and with all other band parameters set as in Ref. 37, 38 .
(b) Closed FS formation: According to the LifshitzKosevich paradigm, the quantum oscillation requires the FS perpendicular to the field orientation to form closed contour, and the oscillation frequency is proportional to the FS area.
42 Type-II Weyl fermions however may fail to form closed FS pocket due to the tilt, 21 unless the tilt velocity is substantially modified. The pseudo-magnetic field is aligned along the y-direction, and thus we focus on the condition for a closed FS in the (k x , k z )-plane. We find that the DFT-derived value of the band parameters for MoTe 2 fail to give closed contour, However, the modifications of the hopping parameter t µ with the pseudo-magnetic field renders closed Fermi surface on the (k x , k z )-plane. Specific calculation is provided in the SI.
In conclusion, we have provided direct experimental evidence of the emergence of a pseudo-magnetic field in a strained type-II Weyl semimetal Re-MoTe 2 . We have observed clear oscillation of the density of states with energy due to the formation of Landau levels created by the strain-induced pseudo-magnetic field. In addition, we have theoretically elucidated the origin of the pseudomagnetic field and the Landau level dispersion for the materials specific type II Weyl semimetal by building a strain-based model. The experimental observations are consistent with the theoretical calculations within this model. The experiments as well as the theoretical analysis reveal the strength of the strain-induced pseudomagnetic field to be ∼ 3 Tesla.
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